Inelastic neutron scattering is applied to study the role of magnetism in stabilizing the charge ordered state in R 1/3 Sr 2/3 FeO 3 (RSFO) (R = La, Pr, and Nd). The ratio of the ferromagnetic exchange energy (J F ) and antiferromagnetic exchange energy (J AF ), |J F /J AF |, is a key indicator of the stability of the charge ordered and antiferromagnetic ordered state. This ratio is obtained from the spin wave spectrum by inelastic neutron scattering and is sufficiently large to suggest that the magnetic exchange energy alone can stabilize the charge ordered state in La
I) Introduction
The charge-ordering (CO) transition is often encountered in complex transition-metal oxides (TMO) and has been the focus of intense inquiry and debate in condensed matter science in the past years. The metal-insulator transition that occurs as the temperature decreases across the CO transition temperature, T CO , is associated with a change from an itinerant electronic state to a more localized state. The CO state plays an important role in various systems, including the superconducting cuprates and the proximity of the superconducting state to a spin/charge stripe ordered state, [1] colossal-magnetoresistive manganites, where the CO states compete with ferromagnetic metallic states, [2] and layered nickelates, which form a small polaron lattice. [3] Therefore, understanding the causes and implications of CO phenomena is significantly important. The CO state is also often closely associated with magnetic and orbital ordering, and it is widely recognized that CO can arise from a variety of competing interactions, most importantly the intersite Coulomb interaction, magnetic exchange energy, and electron-phonon interactions, all of which are strongly dependent on the valence states of neighboring metal ions.
The Sr-doped rare earth ferrite R 1/3 Sr 2/3 FeO 3 (RSFO) is an interesting example of a CO system where magnetic exchange energy is thought to play a crucial, if not dominant, role in the stability of the CO state. RSFO is a perovskite based crystal where the Fe ion adopts a formal fractional valence of 3.67+. Below T CO , it has been proposed that charge disproportionation occurs according to 3Fe
3.67+ ⇋ 2Fe 3+ + Fe 5+ , with the different iron valences ordering in planes containing a repeating arrangement of 3+, 3+, 5+ ions perpendicular to the body diagonal
[111] c . [4, 5] The CO occurs simultaneously with antiferromagnetic (AF) order. Recently, we used inelastic neutron scattering (INS) measurements of the spin wave spectrum to demonstrate the plausibility that the magnetic exchange energy is the dominant interaction giving rise to CO in La 1/3 Sr 2/3 FeO 3 (LSFO). [6] Our results show that the observed CO ground state can be stabilized by large ferromagnetic (F) exchange (J F ) occurring between the nearest-neighbor (NN) Fe 3+ -Fe 5+ pairs. However, this conclusion was made based on the assumption that the intersite Coulomb interaction (i.e. the Madelung energy) is suppressed by strong electronic screening enabled by the small charge transfer (CT) gap (several to 10's of meV) observed in the system. [6] Since we cannot directly determine the contribution of the Coulomb interaction, one possible way to verify the dominance of the magnetic exchange mechanism is to measure the magnetic exchange energies in other RSFO (for example, R = Pr and Nd) compounds. For the smaller Pr 3+ and Nd 3+ ions, increased lattice distortions lead to a larger charge-transfer gap and a narrower electronic bandwidth. This should lead to reduced screening and increase the stability of the CO state due to a greater influence of the Coulomb interaction. However, T N and T CO are known to be suppressed by smaller R 3+ . [5] In 1998, T. Mizokawa and A. Fujimori proposed that the |J F /J AF | exchange ratio is a good indicator of the propagation direction of CO ordering in the limit where magnetic energy is dominant. If the ratio is larger than 1, the charges will be ordered along [111] ; if the ratio is less than 1, the charges will be ordered along
[100]. [7] Thus, if neutron scattering measurements can indicate a weakening of the magnetic exchange ratio, this would give additional support to the magnetic mechanism for CO.
To verify this hypothesis, we study the spin wave spectrum in RSFO with different R
3+
ions. Based on INS measurement of the powder sample in principal, the magnetic exchange energies, J F and J AF , can be obtained, [8] and the related exchange ratio could be calculated.
The corresponding contribution of the magnetic energy to the CO state could then be considered.
However, the magnetic spectra of PSFO and NSFO are not as simple as that of previously studied LSFO system, [6] where only Fe moments contribute to the neutron magnetic crosssection, as the Pr 3+ and Nd 3+ ions themselves possess magnetic moments. The neutron intensity from crystal electronic field (CEF) excitations of the magnetic Pr 3+ and Nd 3+ ions makes the extraction of the Fe spin wave spectrum more complicated. To better account for the rare earth CEF excitations, we also investigate the parent compounds, RFO (R = Pr and Nd). All of the RFO parent compounds are insulators with G-type antiferromagnetic ordering of Fe atoms occurring at high temperatures (T N ≈ 700 K). The rare earth ions in RFO are expected to have similar CEF spectra to RSFO once the simple dilution of the rare earth site by Sr is taken into account. After accounting for the CEF intensities of the R 3+ ions in the total magnetic crosssection of RSFO, the INS data may be compared to calculations of the spin wave spectra and their corresponding cross-sections using a Heisenberg model. We show that the ratio | J F /J AF | is found to decrease with smaller R 3+ which can account for the reduction in T N by the magnetic mechanism.
II) Experiment
Polycrystalline RFeO 3 (RFO) and RSFO (R = La, Pr, and Nd) were prepared by a conventional solid-state reaction method. 
1200
• C respectively for 24 hours. Then, the press-formed pellets were sintered in air at 1250 • C and 1350
• C for 30 hours, respectively. As the ionic size decreases from La to Nd, the RSFO compounds tend to be more oxygen deficient. [9] PSFO and NSFO were annealed under oxygen pressure (10 bar) at 600
• C for 72 hours. Room temperature powder X-ray diffraction (XRD)
patterns were performed on a Rigaku Miniflex X-ray diffractometer with Cu K α radiation to confirm phase purity. No impurities were observed. The oxidation state of iron was determined by iodometric titration and is listed in Table I . The CO and AF transition temperatures for the Sr-doped samples were determined by neutron powder diffraction (NPD), using the High-Intensity Powder Diffractometer (HIPD) at the Lujan Center at Los Alamos National Laboratory, and zero field cooled (ZFC) magnetization measurements using a superconducting quantum interference device (SQUID) magnetometer.
These characterization data are shown in Fig. 1 . The RSFO systems were found to have identical magnetic propagation vectors and charge-order propagation vectors (inferred via the development of structural superlattice peaks) below T N . Fig. 1(d) shows temperature dependent neutron diffraction data for PSFO and indicates the charge-order propagation vectors at (n/3, n/3, n/3), and magnetic propagation vectors at (n/6, n/6, n/6). [10] The lattice constants determined from refinement of 300 K NPD and magnetic transition temperatures are listed in Table   I . The bond lengths and bond angles determined from NPD patterns at 300 K are listed in Table   II . And the geometric tolerance factor (t) is expressed as, Nd) were packed in a flat aluminum can (6 cm × 6 cm × 0.5 cm), and E i s were 120 meV and 160 meV. The face of the sample can was oriented at 135
• to the incident neutron beam for both instruments in a transmission geometry. To achieve adequate statistics, the sample was measured for approximately ∼ 24 hours on Pharos, and ∼ 5 hours on ARCS. Empty sample can measurements were also performed and subtracted from the data presented. 
Oxygen stoichiometry 2.94 ± 0.03 2.97 ± 0.03 2.97 ± 0.03
III) Results and Discussion
The unpolarized inelastic neutron scattering cross-section contains contributions from both magnetic and phonon scattering. In order to isolate the spin wave spectrum, the magnetic scattering must first be separated from the phonon scattering. This is accomplished by using the fact that the magnetic scattering intensity decreases with Q (or 2θ) due to the magnetic form factor, while phonon scattering intensity increases proportional to Q 2 .
The INS data of NFO taken on ARCS at T = 10 K with E i = 180 meV are shown in Fig.   2 (a) and used as an example of the data treatment. A similar analysis was performed for LFO on Pharos as outlined in Ref. [6] . The data summed over the high angle range of 2θ = 75-
95
• contain primarily phonon scattering, Fig Bond angle 
A) Magnetic spectra of RFO a) Fe Spin Waves
We now discuss the analysis of collective Fe spin waves below T N in the parent RFO com- 
where S i and S j represent the spin vectors of the ith and jth iron atoms that are NNs. Figure 3 shows the phonon subtracted magnetic data for LFO, PFO, and NFO found via the procedure described in Fig. 2 . As La 3+ has no f-electrons, there are no CEF excitations existing in LFO. While PFO and NFO have similar G-type magnetic structure as LFO, it is clear that the neutron spectra of PFO and NFO contain addiontal magnetic excitations due to R 3+ CEF excitations which will be discussed later. In order to determine which of the observed peaks are due to Fe spin waves and which are CEFs, we can use mean-field theory and knowledge of T N to estimate J AF exchange coupling between Fe ions for R = Nd and Pr. In mean-field theory, [13] 
where N = 6 and S is the spin angular momentum, 5/2. [8] With this assumption, the magnetic exchange energies are expected to weaken slightly upon going from LFO to NFO due to the decrease of T N . However, it is well-known that T N is overestimated in mean field theory and therefore the mean-field estimate is smaller than that observed by neutron scattering. 
where Q = k ′ -k is the scattering vector, and ω is the energy transfer. g J is Lande factor of the 
where | i and | j are the initial and final CEF eigenstates of the system with level energies E i and E j . J ⊥ is the component of the total angular momentum operator perpendicular to the scattering vector; ρ i is the thermal population factor of the initial state. Observable excitations occur between levels which have non-zero matrix elements.
For rare earth ions, the spin-orbit coupling is usually stronger than the CEF potential, and the total angular momentum J = L + S, remains a good quantum number. Therefore, the magnetic form factor in Eq. (4) is given by, [15, 16] 
where j 0 and j 2 are Q-dependent functions whose values are tabulated. [17] b.1) NdFeO 3
The ground state of the free Nd 3+ ion has 3 unpaired f -electrons, and the Russel-Saunders term symbol is 4 I 9/2 with a degeneracy of 2 J + 1 = 10. At a point of orthorhombic symmetry in the distorted perovskite cell, the ground state multiplet splits into (2 J + 1)/2 = 5 CEF doublets. [16] At 10 K, we observe four CEF transitions at ∼ 9, 21, 46 and 60 meV as shown in Fig. 3 . These are consistent with previous work, [18, 19] and are associated with excitations from the CEF ground state to each of the four excited states. Due to the possible overlap of CEF excitations with spin waves, the phonon scattering contribution and multiple scattering, the separation of the CEF contribution was done by examining both the ω-and Q-dependence of the total cross-section. The positions and integrated intensities of the Nd 3+ CEFs in NFO at 10 K were determined by,
where S mag (Q, ω) is the polycrystalline averaged spin wave scattering of Fe 3+ ions, S phonon (Q, ω) is the polycrystalline-averaged phonon background, and S CEF (Q, ω) is CEF scattering from Nd 3+ ions.
For simplicity, we treat the phonon scattering from a powder sample in the incoherent approximation. In this approximation, the one-phonon scattering is proportional to the phonon density-of-states (DOS) and can be expressed as,
where Z( ω) is the sum of weighted partial phonon DOS, Z i ( ω),
and n+1 is the Bose population factor, The dotted line is the fitted CEF excitations.
The measured and calculated energies and transition intensities of the CEF levels are listed in Table IV and plotted in Figs. 3 and 4 . The CEF excitations of NFO can be found via the singleparticle crystal field theory, and is discussed in Refs. [18, 19] . The calculation and measurement of the CEF transitions agree with each other very well. If we normalize the intensities of the CEF transitions to the intensity of the excitation from the ground state to the first excited state, which are 9.4 and 10.1 meV for the measurement and calculation respectively, the measured intensities of the second ( ∼ 21.2 meV) and third excited states (∼ 45.7 meV) agree with the calculations based on estimates of the corresponding matrix elements. A comparison of the intensity of the 59.9 meV is more difficult due to the proximity to the magnetic signal from Fe 3+ spin waves. We next examine the CEF transitions in PFO. Although many experimental and theoretical studies on Pr 3+ in perovskite oxides have been performed, [20, 21] we know of no complete set of experimental data for CEF levels of Pr 3+ ions in the perovskite structure ABO 3 . There are 2 unpaired f -electrons for Pr 3+ and the electronic term is 3 H 4 . Since the structure of PFO is orthorhombically distorted and J = 4, the ground state multiplet splits into 2J + 1 = 9 singlets.
The dipole allowed transitions from the ground state are listed in Table V . Similar to the analysis of NFO, the magnetic form factor of Pr 3+ in PFO is taken from the literature [17] and used with the previously observed transitions from Ref. [20] in Table V to establish the fraction of different contributions to the total cross-section. Fig. 5 shows the result of the process. The data agree well with the model calculation over a range of wave vector and energy transfers.
The CEF levels in PFO were compared to those of Pr 3+ in PrGaO 3 (PGO) because it had a similar Pr 3+ CEF scattering as PFO and was the only theoretical calculation on CEF of Pr
3+
in perovskite oxides with the space group Pnma. [20, 21] There are discrepancies between our measurements of CEF excitations in PFO and the calculations for PGO. First, the CEF transition predicted to appear around ∼ 67 meV was not observed in our measurement. This is likely due to the proximity of this transition to the Fe 3+ spin wave band. The proposed observation of this CEF transition was mentioned in regards to INS measurements of PFO and PGO. [20, 21] . However, this analysis did not report the spin-wave excitation of Fe 3+ ions, [21] and the magnetic peak claimed to be a CEF around ∼ 60 meV is much more likely to be Fe compared to PGO. We also observe a weak excitation peak around ∼ 100 meV, Fig. 3 . This is presumably a CEF excitation, however the matrix element is predicted to be zero. [20] 
B) Magnetic excitations in RSFO
We now take our knowledge of the different scattering cross-sections in the parent RFO compounds and use it in an attempt to isolate the scattering arising from the Fe 3+ spin waves in the doped RSFO compounds. Figure 6 (a) shows the extracted low-angle magnetic intensity of RSFO (R = La, Nd, and Pr). In general, we find magnetic signals up to a maximum energy of 120 meV. The high energy portion of the magnetic excitation spectrum between 90 ∼ 120 meV is very similar for each compound. In LSFO, this high energy band is associated with spin The CEF information obtained from the parent RFO compounds (R = Pr and Nd) can be used as a guide to estimate the CEF contribution in Sr-doped RSFO. Because the ionic radius of Sr 2+ is close to the radii of the R 3+ ion, we assume that the average structural environment of the R 3+ -site does not change significantly in RSFO with Sr 2+ doping. Thus, the CEF of R 3+ in RSFO would be similar to that of RFO. Since 2/3 of R 3+ has been substituted by nonmagnetic Sr 2+ ions, the integrated intensity of the CEF excitations in RSFO should be 1/3 of that found for RFO. However, the effect of disorder and other lattice distortions arising from the Sr intensities of R 3+ CFE states in these compounds are listed in Table VI (Pr 3+ ) and Table VII (Nd 3+ ), respectively. The transition energy between different energy levels is defined as E ji , which ith and jth are the numbers of the energy levels.
The integrated intensity ratio of the CEF excitations of Nd 3+ in NFO is consistently 3 times that of the CEFs measured in NSFO as shown in Table VII . For PSFO, the ratio of Pr 3+ CEF intensities deviates from 3 for the E 20 transition, which overlaps the strong elastic peak. After subtracting the CEF intensities for the RSFO compounds, the spin wave excitations of Fe ions in all three RSFO compounds were isolated and are compared in Fig. 6(d) . The spin wave spectra in all three compounds agree with each other for energies greater than 85 meV.
At all other energies, the spin wave spectra of LSFO and PSFO remain similar: there are two energy bands with a gap between 60-80 meV. In NSFO, the low energy spectral weight appears to move to higher energies and fills this portion of the spectrum. The intense peak around [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] meV in NSFO is a signal which also exists in both LSFO and PSFO and is likely an artifact due to inaccuracies in subtracting the phonon spectra based upon high angle measurements.
Previous analysis of spin waves in LSFO [6] showed that the spectrum can be modeled ad- Hamiltonian is
where sums are over each pair-type, S i and S j represent the spin vector of the ith and jth iron atom of the type indicated, and sums are over nearest-neighbor pairs with pairwise exchange values (J F or J AF ) determined by the charge ordered structure.
Because of the small charge-transfer gap in RSFO, significant hybridization exists between
Fe and O resulting in some fractions of doped holes residing on the oxygen site. Even considering the presence of doped holes, the exchange between Fe 3+ and nominal Fe 5+ ions remains ferromagnetic. In the limit where the holes are on the iron site (corresponding to full Fe 5+ valence), F exchange occurs between half-filled and empty e g orbitals according to the Goodenough-Kanamori rules. In the limit where a single hole is on the oxygen site, sharing of the spin-polarized oxygen electron also leads to F exchange. For the same reason, the presence of oxygen holes between Fe 3+ -Fe 3+ pairs will reduce J AF as compared to the parent insulator RFO. Furthermore, the spin values of Fe ions are affected by hybridization: if the hole is on the oxygen ion, the Fe oxidation state is lower and the effective spin of the Fe ions would be larger. excitations is,
Based on the previous reports on spin magnetic moments for different Fe ions, S 3+ is very stable and keeps as the value 5/2, while S 5+ is likely to be larger than the atomic limit of 3/2 due to hybridization and can be adjusted. [22, 23] The final fitting magnetic exchange energies are shown in Table VIII .
The measured magnetic exchange ratio of J F and | J AF | can be compared to the theoretical predictions of the magnetic exchange mechanism for the CO in RSFO (R = La, Pr, and Nd) as shown in Fig. 8 . In the magnetic exchange only model proposed by T. Mizokawa, et al., [7] two charge ordered patterns are considered with alternating charge and spin ordering along either the (111) or (100) directions. Those with the observed pattern of charge ordering along the According to the Goodenough-Kanamori rules, it is expected that this exchange is weakly AF due to the π -bonding of half-filled t 2g orbitals. In the limit where J 55 ≈ 0, the (111) order is stable when |J F / J AF | > 1/2. A much more conservative estimate of J 55 ≈ | J AF | results in the condition |J F / J AF | > 1 for the stability of (111) charge order. LSFO and PSFO have exchange ratios that clearly favor the (111) ordering, even in the most conservative estimate for the value of J 55 . On the other hand, the exchange ratio for NSFO is slightly less than one. This suggests that the (111)-type charge ordering is less stable in NSFO as compared to LSFO or PSFO. This is consistent with the suppression of T N in the RSFO compounds.
The reduction of the exchange ratio in NSFO largely arises from a ∼ 20% increase of |J AF | as compared to LSFO and PSFO. The AF exchange in NSFO is comparable to that of the parent RFO compounds. Based on Table III and VIII, the increase of |J AF | in NSFO as compared to LSFO and PSFO could arise from differences in the CT gap and/or the lattice distortion of these compounds. The CT gap of NSFO is larger than those of LSFO or PSFO, hence electrons will be more localized and the magnitude of AF exchange energy of NSFO is expected to increase. In addition, the effect of lattice distortion on the magnetic exchange should also be considered. The effect of the lattice distortions in the RFO parent compounds is well understood. The tolerance factor, whose deviation from one indicates the propensity for lattice distortion, decreases from LFO to NFO (see Table II ). The larger lattice distortion in NFO results in smaller Fe-O-Fe bond-angles that weakens the AF superexchange. The tolerance factor of the RSFO compounds is closer to 1 than the parent RFO compound and varies only weakly throughout the RSFO series. Therefore, the large change in J AF is unlikely to arise from an average change of the doping induced structural distortions.
V) Conclusion
Using inelastic neutron scattering, we determined that the similar spin wave spectra of LSFO and PSFO consist of two energy bands separated by a large energy gap, while the two bands merge into one in NSFO. The full magnetic bandwidth is determined mainly by the ferromagnetic exchange energy, J F , between Fe 3+ and Fe 5+ ions, and is found to be similar for the different RSFO compounds. The AF exchange energies between Fe 3+ ions, |J AF |, which con-
